MISSOURI

S&l

Library and

Learning Resources Scholars' Mine
Doctoral Dissertations Student Theses and Dissertations
1978

The effects of certain impurities and their interactions on zinc
electrowinning

Donald R. Fosnacht

Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations

b Part of the Metallurgy Commons
Department: Materials Science and Engineering

Recommended Citation

Fosnacht, Donald R., "The effects of certain impurities and their interactions on zinc electrowinning”
(1978). Doctoral Dissertations. 343.

https://scholarsmine.mst.edu/doctoral_dissertations/343

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.


https://library.mst.edu/
https://library.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/doctoral_dissertations
https://scholarsmine.mst.edu/student-tds
https://scholarsmine.mst.edu/doctoral_dissertations?utm_source=scholarsmine.mst.edu%2Fdoctoral_dissertations%2F343&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/288?utm_source=scholarsmine.mst.edu%2Fdoctoral_dissertations%2F343&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsmine.mst.edu/doctoral_dissertations/343?utm_source=scholarsmine.mst.edu%2Fdoctoral_dissertations%2F343&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsmine@mst.edu

THE EFFECTS OF CERTAIN IMPURITIES AND THEIR INTERACTIONS ON
ZINC ELECTROWINNING

By

DONALD RALPH FOSNACHT, 1950-
A DISSERTATION

Presented to the Faculty of the Graduate School of the
UNIVERSITY OF MISSOURI-ROLLA
In Partial Fulfillment of the Requirements for the Degree
DOCTOR OF PHILOSOPHY
in
METALLURGICAL ENGINEERING

1978

P —~ -
éﬂ/{l) _ﬁj /361”722.-(Advisor) A (‘_)**’

LA >
{"d@/ﬁfw ”{4 4 /f,/t {.ﬁ: UL //(/

Q,ZZ{L, L ); ,,///7/{”,/ /k ///C )1 L )

7



ii

PUBLICATION THESIS OPTION

This thesis has been prepared in the style utilized by Metallur-
gical Transactions B. Pages 1-122 will be presented for publication
in that Journal. Appendices A, B, C, D, E, F, G, H, and I have been

added for purposes normal to thesis writing.



SYNOPSIS

The effects of germanium, antimony, arsenic, cobalt, glue, and
free acid concentration were studied on both commercial and synthe-
tic electrolytes. The effects of a single factor and the combined
effects of multiple factors were elucidated. The temperature, zinc
concentration, and current density were also varied. It was found
that the acid concentration was the most critical factor when impur-
ity levels were at normal plant solution concentrations. The
ranges where the effect of the impurity became apparent were:
greater than 20 ppb for antimony; 40 ppb for germanium; 120 ppb for
arsenic; and 7-8 mg/1 for cobalt for a solution containing 65 g/1
zinc and 100 g/1 free sulfuric acid. At higher Tlevels of acid, the
acceptable level of impurity declined markedly. Glue additions
were found to counteract the effects of antimony and germanium, but
did little to counteract the effects of cobalt and arsenic. The
level of acid was found to be especially critical when cobalt and
arsenic were in the electrolyte. Cobalt and arsenic exhibited
synergism and lower current efficiencies were obtained for arsenic-
cobalt combinations than expected. A factorially designed experi-
ment was conducted to quantify the effects observed by one factor
at a time testing. The effects of the various factors on electrode
polarization were examined using cyclic voltammetry. Levels as low
as 0.02 mg/1 Ge and Sb and 0.1 mg/1 Co cause measurable changes in
polarization. The polarization characteristics of combinations of
impurities and glue can be used to determine the optimum levels of
glue addition. The structure of the deposits was examined using

x-ray diffraction and scanning electron microscopy.
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The Effects of Certain Impurities and Their Interactions

on Zinc Electrowinning

Donald R. Fosnacht and Thomas J. 0'Keefe

Abstract

The effects of germanium, antimony, arsenic, cobalt, glue, and
free acid concentration were studied on both commercial and synthe-
tic electrolytes. The effects of a single factor and the combined
effects of multiple factors were elucidated. The temperature, zinc
concentration, and current density were varied. It was found that
the acid concentration was the most critical factor when impurity
Tevels were at normal plant solution concentrations. The ranges
where the effect of the impurity became apparent were: greater than
20 ppb for antimony; 40 ppb for germanium; 120 ppb for arsenic; and
7-8 mg/1 for cobalt for a solution containing 65 g/1 zinc and 100
g/1 free sulfuric acid. At higher levels of acid, the acceptable
level of impurity declined markedly. Glue additions were found to
counteract the effects of antimony and germanium, but did little to
counteract the effects of cobalt and arsenic. The level of acid was
found to be especially critical when cobalt and arsenic were in the
electrolyte. Cobalt and arsenic exhibited synergism and lower cur-
rent efficiencies were obtained for arsenic-cobalt combinations than
expected. A factorially designed experiment was conducted to quan-
tify the effects observed by one factor at a time testing. The
structure of the deposits was examined using x-ray diffraction and

scanning electron microscopy.



Introduction

The presence of impurities in the electrolyte is a major problem
for the zinc electrowinning industry. Many investigations have been
conducted to determine the impurity interactions occurring at the
cathode and the maximum level of each impurity that can be tolerated
in the electrolyte (1-31). Neutral purification eliminates the bulk
of the impurities, but in certain instances their concentrations may
still be high enough to cause difficulties in zinc deposition.
Impurity behavior is not well understood and many questions remain
regarding the acceptable limits of impurities for efficient operation
of a zinc electrolysis circuit. In addition, synergism among impuri-
ties may occur which further complicates the process and causes
unpredictable behavior (56-57). Factors such as acid level, zinc
concentration, time of electrolysis, agitation, current density, and
temperature also influence the magnitude of the impurity effects.

It is well documented that zinc deposition is very sensitive to
small quantities of certain impurities. Previous studies have indi-
cated that levels in the parts per billion range for antimony,
arsenic, and germanium can greatly reduce the current efficiency
(3-21). For cobalt, the parts per million range is critical (22-31).
A complicated purification process is used to try and reach these low
levels in actual practice (1,2,58).

The effects of an impurity are often directly attributable to
such factors as acid concentration and the temperature of the system
involved. Thus, the maximum allowable levels of the impurities must

be considered in relation to the process parameters. In addition to



current efficiency, deposit morphology and cathodic polarization are
also influenced by the levels of impurities and addition agents in
the electrolyte. Profound changes in both these features have been
reported (17-19,55)

Organic agents such as glue are often added to the electrolyte
to aid in process control. Improvements in deposit appearance and
current efficiency may occur when glue is added to the electrolyte,
but optimum Tevels do exist and must not be exceeded or certain
deleterious effects can result (17-19).

Since impurity interactions can create severe operating prob-
lems, it would be desirable to determine the basis for many of their
interactions and make the process more predictable.

This study examines the effects of antimony, arsenic, cobalt,
germanium, and glue on current efficiency and deposit morphology at
various temperatures and acid concentrations. In order to evaluate
the effects of these variables simultaneously, a factorially
designed set of experiments was conducted. High and low levels of
each parameter were chosen to approximate industrial conditions
(1,2). A total of 128 tests were conducted using all possible com-
binations of the seven factors and the results were used to estab-
1ish the relative importance of each factor and also determine what
important interactions may exist. Once these were established, ad-
ditional tests were performed to confirm the trends. In addition,

a model was generated using these results which allows prediction of

the effects of the chosen variables at other levels.



Experimental

Factorial Design

The factors chosen and the two levels of each factor as well as
their symbols are given in Table I. The concentration levels indi-
cated are in addition to the concentrations of the impurities already
in the base electrolyte. The analysis of the neutral solution used
for the base electrolyte is given in Table II.

One replicate of the experimental design consisting of 128 tests
was conducted. In addition, 13 center point tests and a select num-
ber of duplicate tests were conducted to estimate the experimental
variance of the system. The tests were randomized using a table of
random numbers in order to eliminate the systematic error involved in
the experiment.

Solution Preparation

A stock solution of neutral (pH = 4.0 - 4.5) purified zinc sul-
fate solution was prepared by using high purity, French process zinc
oxide powder and reagent grade sulfuric acid. The zinc sulfate solu-
tion was purified by adding 0.1 to 0.2 m1/1 of 0.1 N KMnO,; heating
to near the boiling point with vigorous stirring; settling of the
precipitates for 30 minutes at 80 to 85°C and then filtering. The
filtrate was then purified by adding 2 g/1 of zinc dust; heating to
the boiling point with stirring for 30 to 45 minutes and then fil-
tering to remove excess zinc dust.

A volume of neutral purified solution, sufficient to yield a
base electrolyte concentration of 65 g/1, was used.

A stock solution containing 13 mg/1 of antimony was prepared by

dissolving antimony potassium tartrate in distilled water. Cobalt



Table I.

Factors Used in the Design.

Symbol Low Level*
Temp. (°C) t 35
H2S04 (g/1) a 100
Ge (mg/1) g 0
Sb (mg/1) S 0
Co (mg/1) c 0
As (mg/1) r 0
Glue (mg/1) 0 6

High Level*

45
200
0.04
0.026
2.4
0.04

20

*For the impurity concentrations, these are the additional levels
of impurity over and above those already in the base electrolyte.



Table II.

in
Mn
Cd
Sb
As
Sb
Ge
Co
Ni
Fe
Cu

C

Analysis of Neutral Purified Solution (mg/Z).

+ As

Prepared

130,000

<0.1
1.3
0.01

<0.04

0.002
<0.1
<0.05

0.4

0.08

0.1

1.0

Industrial

170,000

3,500
1.7

0.04
0.004
0.1
<0.05
5.9
0.3
1.0
370



solution was prepared by dissolving cobaltous sulfate in distilled
water to a level of 800 mg/1. Stock solutions of germanium and arse-
nic of 10 mg/1 were also prepared. The germanium was dissolved in
sulfuric acid after Ge0, was fused with K,C0; and Na,CO3;. As,0; was
used to prepare the arsenic solution. All of the stock solutions
were analyzed by using atomic absorption analysis. The solutions of
the impurities were stored in plastic bottles and analyzed periodic-
ally.

Stock solutions of glue (Swift--EZ TPC #3) and gum arabic of
1 g/1 were prepared by dissolving the organic in distilled water and
storing under refrigeration to minimize degradation.

Test solutions were prepared by taking the required amount of
neutral purified, reagent grade sulfuric acid, impurity solution and
organic addition agent, and placing them in a 1 liter volumetric
flask. The volume was adjusted to one liter by adding distilled
water.

Electrode Preparation

Two anodes, consisting of platinum wire gauze, and one cathode
of type 3003 aluminum were used for electrolysis. The aluminum
cathodes were prepared by polishing with 320 grit paper then rinsing
with tap water and distilled water and finally drying in hot air.

The electrodes were weighed and then placed in a Plexiglass elec-
trode assembly which maintained the same electrode spacing for each
experiment. The anodes had a slightly larger area than the cathodes.
The area of cathode exposed to the electrolyte was adjusted to main-

tain a constant current of 800 mA over a 12 hour deposition period.



Electrolysis

The cells were connected in series in a controlled temperature
water bath (20.5°C). A constant current power supply (HP6284A) was
used and the total number of coulombs passed during electrolysis was
recorded by an amp-time meter (Pulsco Model 20) which had been cali-
brated with a copper coulometer. An ammeter was used to adjust the
current to the desired value. During the electrolysis, solution
levels were maintained by adding distilled water at set intervals.
No mechanical stirring was employed, but natural convection due to
gas evolution provided some natural stirring.

After electrolysis, the cathodes were rinsed with both tap
water and distilled water, and then dried and weighed. The current
efficiency was calculated based on the recorded weight and the total
amount of coulombs passed. The morphology and crystal orientations
of the deposits were then checked by scanning electron microscopy

and x-ray diffraction.



Results and Discussion

Current Efficiency Tests

Statistical Analysis The calculated cathode efficiencies were

statistically analyzed using a digital computer according to the
"table of signs" method (32). The use of the experimental design
permits the estimation of the factor effects more precisely than one-
factor at a time testing because of hidden replication in the design.
The size of the design employed reduces the effects of variations of
single observations on the calculated factor effects. The variabili-
ty of the calculated factor effects is only 0.18 that of a single
observation as calculated by the precision ratio (o-FE/o-OBS = 0.18).

In order to determine the variability of the observations, 13
center point tests were conducted along with duplication of 6 of the
factorial tests. The factorial tests duplicated were chosen at ran-
dom. The pooled standard deviation in the current efficiency for the
tests was 4.86%. The current efficiencies obtained for the experi-
mental design ranged from 0 to 94 percent.

The significance of the factor effects and the curvature of the
system were analyzed by calculating the minimum significant effect
statistics (32). If a computed factor effect is larger than the
calculated statistic, it can be concluded that the true effect is
non-zero. The magnitude of the calculated factor effect gives an
indication of the importance of the factor for the system. The
larger the magnitude, the greater the importance of the factor.

Since the design has a great deal of hidden replication, a signifi-

cance level of 0.99 was used to calculate the minimum significant



Table III. Factors Shown to be Significant for Confidence

Level = 0.99.

Factor Calculated Factor Effect
Mean 58.99
a -37.275
c -23.603
t -16.475
S0 13.815
0 13.284
g -11.322
ac -11.287
r -9.631
asc 9.437
s -9.190
go 6.678
cr -6.331
as 5.106
ts -4.844
tco -4.525
gscro 4,375
agscro 4.316
tago -4.166
cro -4.125
ar -3.884

gr 3.744



Table III (Continued)

Factor
aro
acro
ta

ao
ags
acr
tgo
tgscr
tsro
tgcro
asco
gs

co

ag
tac
tso
gso
tg
tao
tagso
agso
agro

agco

Calculated Factor Effect

.641
.509
.275
119
.094
.041
.100
.009
.003
.953
.844
.703
.591
.587
.541
.506
.497
481
.478
.397
.381
272
.262

1
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effect statistics. The "t" statistic used in the calculation was
tg.99 = 2,55 for 18 degrees of freedom (33). At this confidence
level, the minimum significant factor effect was found to be 2.2 and
the minimum significant curvature effect was determined to equal to
4.1. Therefore, for a factor to be considered significant it must
exceed 2.2 and for the system to have significant curvature, the
curvature factor must exceed 4.1.

The effect of current density was not measured in the factorial
study, but was examined in other tests and will be considered later.
The significant factors and the calculated factor effects determined
by using the factorial design appear in Table III. Before a detailed
discussion of the results of the factorial analysis is given, the ef-
fect of variation of current density on current efficiency will be
discussed.

Effect of Current Density Figure 1 illustrates the effects of

increasing the current density. A commercial plant electrolyte con-
taining 60 g/1 Zn and 200 g/1 H,SO, was used for this study. The
cell temperature was maintained at 40°C. As can be seen, the great-
est change occurs from 30 to 40 mA/cm?. After this point the current
efficiency continues to increase, but to a lesser extent. It must be
recognized that if other factors such as temperature, morphology,
dendrite growth, etc. which depend on the current density are not
controlled, an adverse effect on the current efficiency may occur
upon increasing the current density. However, if these factors are
controlled, there are a number of reasons why increasing the current
density should improve the current efficiency. First, the overvolt-

age of hydrogen discharge increases at a faster rate than that of
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Figure 1. Current Efficiency vs Current Density for
Industrial Electrolytes Containing 60 g/£
Zn and 200 g/£ H,SO,. T = 40°C.
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zinc discharge as the current density increases, which enables the zinc
jons to utilize a greater percentage of the applied current (34).

Also, the effect of the impurities in the electrolyte is lessened,
because the relative amount of impurities depositing with the zinc
decreases because their rate of deposition is diffusion controlled and
the zinc deposition rate is not (35). Finally, at very low current
densities, the cathodic protection of the deposited zinc is relatively
weak and significant dissolution of the deposit may occur. The disso-
Tution process is suppressed at higher current densities.

The current densities used for this study range from 40 to 70
mA/cm?. A current density of 60 mA/cm? was used for the factorial
design. Other tests conducted to confirm the effects of the factorial
design were conducted at 40 mA/cm®. This current density was used
because conditions are slightly more severe at this level and the
effects of the impurities are somewhat magnified. Additional tests
conducted to gain an understanding of the effects of acid concentra-
tion were conducted at 70 mA/cm®. This current density was used
because plants operating at higher acid concentrations generally use
higher current densities (1,2)

Effects of the Design Variables The effects of the single fac-

tors chosen for the study were all shown to be significant. Of the
factors considered, acid level had the largest effect on reducing the
current efficiency, followed in degree of influence by cobalt, tem-
perature, antimony, germanium, and arsenic. The addition of glue to
the electrolyte increased the current efficiency and was the only
positive single factor. The results indicate that increasing any of

the other factors to higher levels causes the zinc current efficiency
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to drop.

Acid Effects A more detailed study was conducted for the acid

factor because of its significantly detrimental influence on current
efficiency. Industrially produced, neutral purified zinc sulfate was
used to make an electrolyte containing 60 g/1 Zn. The electrolyses
were conducted at 40°C and 70 mA/cm?. The results appear in Figure 2
and show that the current efficiency begins to decline noticeably
between 150 and 250 g/1 in a non-linear fashion. The slight increase
upon adding some acid is due to the increased conductivity and lower
viscosity of the solution which reduce dendrite formation (36).
Choosing operating ranges at high acid levels may cause large current
efficiency fluctuations if the acid level varies significantly about
the operating point. For example, if an operating Tevel of 200 g/1
H,S0, is chosen and the variability about this point is +20 g/1, the
current efficiency obtained may range from 75 to 86 percent. Such
variation would be quite unsatisfactory.

Antimony, Arsenic, and Germanium Effects The factors for anti-

mony, germanium and arsenic will be considered together because these
impurities often have been reported to act similarly (3-21). For
convenience, the calculated effects are repeated in Table IV. The
value for antimony has been adjusted to allow a comparison with ger-
manium and arsenic on an equal concentration basis. The values of
the factors indicate that all three impurities cause decreases in
current efficiency. Antimony has the largest effect, followed by
germanium, and then arsenic. A series of tests using the base

electrolyte from the factorial analysis were conducted to confirm
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Figure 2. Current Efficiency vs Acid Concentration for
Industrial Electrolytes Containing 60 g/£ Zn.
T = 40°C; Current Density = 40 mA/cm?.



Table IV. Calculated Factor Effects for Antimony,

Germanium, and Arsenic.

Factor Calculated Factor Effect
Antimony -14,138*
Germanium -11.322

Arsenic -9.631

*Normalized to an equal concentration basis with germanium and

arsenic.

17
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Figure 3. Current Efficiency vs Impurity Concentration for
Prepared Electrolytes Containing 65 g/£ Zn and
200 g/£ H,S0,. T = 45°C; Current Density =
40 mA/cm?,
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these trends. A temperature of 45°C, 40 mA/cm? current density, and
100 g/1 H2SO. concentration were the conditions employed. Results
of the tests for each of the three impurities are shown in Figure 3,
and these compare favorably with those from the factorial study. At
a concentration level of 40 ppb of impurity, the current efficiency
for a solution containing antimony was 82%; for germanium, 91%, and
for arsenic, close to 95%. Since the current efficiency is sensitive
to the nature of the impurity, it is quite important to determine
which impurities are present and to adjust the purification process
to give levels which can be tolerated in the cell room. Frequently,
only the combined amount of antimony and arsenic in solution is
reported rather than the individual concentrations.

Cobalt Effects and Interactions with Acid The calculated factor

effect for cobalt is very large (-23.603) and is exceeded only by the
value obtained for the acid. Since the cobalt concentration was
found to be very significant, a separate current efficiency study was
done with the same base electrolyte and operating parameters used
previously. Two acid levels were considered and the results appear
in Figure 4. At the lower acid level (100 g/1), the effect of cobalt
is not severe until concentrations greater than 12 mg/1 are exceeded.
This appeared to contradict the results of the factorial study, but
upon increasing the acid content to 150 g/1 H2S04, only 6 mg/1 was
tolerable. At both concentrations of acid, a critical cobalt level
appears. Up to this level there is a slight linear decrease of the
current efficiency with increasing cobalt content. After this Tevel
is exceeded, catastrophic losses in current efficiency result.

Increasing the acid content causes this point to shift to decreasing
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Current Efficiency vs Cobalt Concentration for
Prepared Electrolytes Containing 65 g/£ Zn and
Various Acid Concentrations. T = 45°C; Current

Density = 40 mA/cm?.
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cobalt concentrations, which agrees with the results of other inves-
tigators (16,27,30,31).

The calculated factor effect for cobalt and acid is -11.287.
This is a very large factor and indicates that there is a strong
negative interaction between cobalt and acid. Others have attribu-
ted the influence of cobalt to local cell action {16,27,30,31). The
exchange current value for hydrogen reduction on cobalt is higher
than that of zinc and this indicates that hydrogen reduction on
cobalt sites is somewhat easier (35). Localized potential differ-
ences may arise, caused by changes in surface roughness and this may
allow the formation of localized galvanic cells. The cobalt sites
then serve as local cathodes and nearby zinc sites as local anodes.
Corrosion of the zinc occurs at the anodes with hydrogen reduction
at the cathodes. The large acid-cobalt interaction tends to support
this mechanism and in addition, the deposits of zinc corresponding
to the poor current efficiencies often exhibited severe pitting and
other signs of corrosion. Pitting usually accompanies local cell
action.

Interaction of Arsenic, Antimony, and Germanium with Acid Arse-

nic and germanium also exhibit some synergism with acid, but to a
smaller degree than cobalt. The factor effects of these impurities
are: -3.884 for acid-arsenic and -2.587 for acid-germanium. Anti-
mony shows a beneficial interaction with acid, as indicated by a
factor of 5.106. This may be due to the complex interaction of
antimony with glue which results in changes in morphology and is dis-

cussed later in greater detail. Figures 5, 6, and 7 illustrate the

effect of increasing acid concentration for solutions containing the
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Figure 5. Current Efficiency vs Antimony Concentration for
Prepared Electrolytes Containing 65 g/£ Zn and
Various Acid Concentrations. T = 45°C; Current

Density = 40 mA/cm?.
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Figure 6. Current Efficiency vs Germanium Concentration for
Prepared Electrolytes Containing 65 g/£ Zn and
Various Acid Concentrations. T = 45°C; Current

Density = 40 mA/cm?.
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various impurities. The effect of acid in the presence of either anti-
mony or germanium is less dramatic than that obtained for cobalt. In
both cases, the synergism involved is not readily apparent. The condi-
tions employed for testing antimony, germanium, and arsenic were simi-
lar to those used for cobalt. Figure 7 indicates that the effect of
arsenic is strongly influenced by and a linear function of the acid
content. Increasing the level of acid seems to greatly increase the
interaction of arsenic at the cathode. Increasing the acid concentra-
tion causes a decrease in the current efficiency for all the above
cases. The positive synergism exhibited by antimony and acid just
indicates that the decrease is somewhat less than would be expected if
these two factors acted individually.

Effects of Temperature Temperature was shown to be a critical

factor with a calculated factor effect of -16.475. Increasing temper-
atures caused lower current efficiencies and the magnitude of the
change indicated that enhanced activation processes such as zinc dis-
solution or hydrogen gas evolution were responsible. An interaction
between temperature and acid level is indicated by a factor of -3.528.
Systems containing high acid levels would be expected to show the
greatest loss in current efficiency as the cell temperature is
increased. The effect of temperature with the various impurities is
only significant for antimony and germanium. For germanium, there is
only slight interaction (-2.481), but for antimony the interaction is
much greater (-4.844).

The Effects of Glue Addition Organic additives have been used in

zinc deposition for a number of years and their addition is reported

to increase cathode quality and improve current efficiency for
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Figure 7. Current Efficiency vs Acid Concentration for
Prepared Electrolytes Containing 65 g/£ Zn and
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deposits obtained from solutions containing various amounts of
impurity (5,6,8,9,15,17-19,37-48). The way in which they interact
with the impurities at the cathode or in the solution is not well
understood. The calculated factor effect obtained for glue additions
is 13.284. This rather large positive factor was the only positive
one found for the seven variables of this study.

The results of electrolyzing solutions containing various addi-
tions of glue and gum arabic in the absence of impurity addition
appear in Figure 8. The electrolyses were conducted at conditions
similar to those employed for cobalt and the other impurities. Glue
and gum arabic gave similar results. The results show that increas-
ing the concentration of organic agent in the electrolyte only
decreases the current efficiency. This contradicts the factorial
study. It appears that interaction with other solution constituents
is necessary to obtain the beneficial effects of the organic additive.
This is also indicated by the interaction parameters calculated for
the factorial study.

Antimony and germanium both showed significant interaction with
the glue. Cobalt showed some mild interaction with the glue, but no
significant interaction was found for arsenic. For antimony, germa-
nium, and cobalt the factor effects are 13.815, 6.678, and 2.591 re-
spectively. Additions of glue to solutions containing antimony and
germanium would be expected to show strong gains in current efficiency.
Smaller benefits would be obtained for solutions containing cobalt.

Electrolyses were conducted to compare the relative amounts of
glue that would be required to counteract the effect of antimony and

germanium. A solution of base electrolyte containing a determined
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amount of impurity was electrolyzed for 12 hours at 45°C and a current
density of 40 mA/cm . The amount of glue added to the solution was
varied and the results are shown in Figure 9. The current efficiency
is initially increased by adding glue to the solution, but a point is
finally reached where further addition of glue causes a decrease in
current efficiency to occur. For germanium, this occurred after 13
mg/1 (ppm) glue had been added. For antimony of a comparable concen-
tration level, approximately 25 mg/1 were required. Since the inter-
action of cobalt with glue is smaller, even less glue would be
required to reach an optimum level of glue addition. The results
point out that it is very important to know the composition of the
solution if one is to add the proper amount of organic agent to coun-
teract the deleterious effects of the impurities. Recent studies
have indicated that balancing impurity content with glue by using
cyclic voltammetry is quite feasible (17-19,43). Other investigators
have determined the amount of active glue in solution by measuring
electrode polarization before and after a solution is brought to a
temperature where the glue degrades to inactive hydrolysis products
(49,50). Further studies are needed in this area because only an
optimum concentration of glue will yield the maximum current
efficiency.

The interaction of the glue with the various impurities is les-
sened when either the temperature or the acid content is increased.
This is indicated by the three factor interaction effects calculated
from the statistical study. The terpary factors for the interaction
of temperature, glue, and impurity are -4.525 for cobalt, -3.100 for

germanium, and -2.506 for antimony. The way the factors vary is
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entirely consistent with the strength of the simple glue-impurity in-
teractions. Cobalt, which was found to interact only mildly with
glue has the biggest ternary factor. Temperature apparently affects
the stronger interactions of glue with impurity to a lesser extent.
Since the action of glue is lessened by increasing the temperature
and acid, more glue may need to be added to the electrolyte to obtain
the desired results.

Interactions Among Impurities Interactions among impurities are

frequently important from a plant operator's viewpoint. Frequently,
levels of impurities which do not exhibit an effect when present alone
became intolerable when just small amounts of another impurity are
introduced. The factorial design indicated some combinations which
exhibit this type of synergism.

Antimony interactions with cobalt and arsenic were found to be
insignificant, but this may be misleading because the electrolyte
used in the study always had a residual level of glue and the inter-
action of antimony with glue is extremely important in determining
the overall effects of antimony. In a solution containing no glue,

a detrimental interaction between cobalt and antimony appears to
exist and the combination caused the current efficiency to drop dras-
tically. This is shown in Figure 10. Other investigators report
similar results (56). However, in the presence of glue, antimony
additions appear to lead to improved current efficiencies when the
electrolyte contains other impurities such as cobalt and germanium.
Several independent studies have confirmed this behavior (5,8,27,37).
The calculated factor effects indicate that the interaction of acid

with other impurities is less in the presence of antimony. The
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antimony may interact with glue at the cathode to cause morphological
changes which lead to more uniform deposits and to less local cell
corrosion of the zinc deposit (17-19).

Germanium shows a small detrimental interaction with antimony
(-2.703), but this may be outweighed by the beneficial effects of
having some antimony in the solution in the presence of glue. Germa-
nium shows no distinguishable interaction with cobalt and Figure 11
tends to confirm this. Some beneficial interaction may exist between
arsenic and germanium as indicated by the calculated factor effect
for this combination (3.744).

Cobalt showed a very large interaction with arsenic (-6.331).
Processes which have high levels of arsenic in solution will thus be
able to tolerate only low levels of cobalt. This was confirmed by
electrolyzing a solution containing 4 mg/1 Co and 80 ppb As. When
either impurity was alone in the electrolyte, current efficiencies
greater than 94% were obtained, but for the combination the current
efficiency was 41.7%. The H,S0, concentration was 100 g/1 for this
test (T = 45°C; CD = 40 ma/cm?). Higher acid levels may increase the
effect as both cobalt and arsenic were found to be quite sensitive to
the acid content of the solution. In fact, a ternary interaction
effect equal to -3.041 was calculated for the combination of acid,
cobalt, and arsenic.

The statistical factor for the interaction of glue with acid and
arsenic (-3.641) indicates that the presence of arsenic under condi-
tions of increased acid and temperature may lessen the beneficial
effects of the addition agent. The presence of arsenic also weakens

the interaction of glue with cobalt.
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Figure 11. Current Efficiency vs Germanium Concentration for
Prepared Electrolytes Containing 65 g/£ Zn and
100 g/£ H,SO, With and Without 5 mg/£ Co.
T = 45°C; Current Density = 40 mA/cm?.
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Summary of the Results The statistical analysis shows that the

acid level is the most critical of the factors considered. Cobalt
level, temperature, antimony concentration, germanium concentration,
and arsenic concentration are the next critical factors in decreas-
ing the current efficiency. Glue addition is of some benefit in
increasing the current efficiency and this is especially true for
solutions containing significant levels of antimony and germanium.
Glue interacts less strongly with cobalt and arsenic. Deleterious
interaction between cobalt and arsenic appears to exist and increases
in severity as the acid concentration is increased. Most of the com-
bined interactions with temperature are detrimental. The method of
analysis employed in this study illustrates which combinations to
avoid and indicates some of the factors which can be used to control
the process. It also indicates which factors warrant closer
examination.

Development of the Statistical Model

In addition to illustrating the importance of the various fac-
tors, the statistical design permits development of a model which
can be used to predict the current efficiency at other levels of the
variables. Using the calculated factor effects and coded values of

the variables of the factorial design, a model of the form:

Ct

ao + ai;xX; + azxXxe + ... + aan + a12X1%X2 + ...
PP

+ a X X_ + higher order interactions;
P-1,p “p-17p 9 ?

CE

predicted current efficiency

coded factors for the system

X
e
[



Table V. Coded Factors Used in the Model.

Factor Symbol
Temperature t
H2S0, Concentration a
Ge Concentration g
Sb Concentration S
Co Concentration c
As Concentration r
Glue Concentration 0
Units: t =°C

a =g/l

g>S,r = ppb

C,0 = ppm

Coded Factor
_ t-40
X 75
_ a-150
Xa = 750
_ g-20
Xg = STRT
x = 5213
S 13
x = S1.2
c 1.2
x = =20
r 20
x =09713
0 7

35
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o
n

0.5 (factor effect for xj)

o
n

0.5 (interaction effect for xjxj.)

3y = mean response for the system
was obtained. The values for the coded factors for the present system
appear in Table V.

Using the model, calculated current efficiency values were
obtained for the values of the factors used in this study. Figure 12
compares the calculated current efficiency and that obtained experi-
mentally. The fit of the model is quite good and an "F" test showed
that the variability between the predicted and experimental current
efficiencies is within the experimental error of the system.

In order to test the degree of curvature that exists for the
experimental system, thirteen center point tests were conducted. The
conditions employed for the center point tests were half-way between
the high and low levels as listed in Table I. The average of the
center points was 79.3. The mean current efficiency for the factorial
study was 58.99. A curvature test using these values indicates that
significant curvature exists for the system. This means that the
model will not fit as well for values of the variables which are dif-
ferent than those employed in the study.

Other tests were conducted at conditions intermediate between
those employed in the factorial study. The conditions and calculated
and experimental current efficiency values obtained are listed in
Table VI. A comparison of the calculated and experimental values indi-
cates that the model does not fit as well as in the case of the experi-
mental design. A better model would need to be considered. This

could be done by using a three level design or perhaps using a full
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Table VI. Comparison of Calculated and Experimentally Obtained Current Efficiencies

for Other Factor Levels.

Acid Germanium Antimony Cobalt Arsenic Glue

Temp. Conc. Conc. Conc. Conc. Conc. Conc. % CE, % CE,

°C _GPL _ PPb PPb _PPM PPb _PPM Exp. Calc.
42.2 175 30 13 2.4 50 10 0.5 16.6
42.2 125 60 13 0.8 20 15 85.9 59.2
42.2 150 0 0 4.0 40 0 13.3 19.2
42.2 150 0 0 4.0 0 0 78.0 45.9
42.2 100 0 0 0 0 0 93.2 94.5
42,2 150 0 0 0 0 0 92.8 84.4

8E
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response surface such as the Box-Behnken (51) design or the more elab-
orate Box-Wilson (52) design. The factorial design used in this study
indicates what the critical process parameters and interactions are.
Once these are known, one can then choose the proper response surface
design. The technique can also be used to eliminate factors which are
found to be insignificant and to develop further studies which would
consider additional variables with those found to be significant.

For the present system, the effects of time and current density
were not measured. A future study using this technique and these ad-
ditional variables may be useful because some impurities such as
cobalt often have induction periods associated with their effects
(27,30).

Overall, the factorial study and the additional supporting tests
were useful in determining the important variables and interactions
that exist for the system. The model obtained fits the design values
quite well, but unfortunately, does not fit as well at other values.
Future tests using three levels would allow other models to be derived
which would fit a wider range of factor levels.

Deposit Morphologies

The morphologies and crystallographic orientations of the zinc
deposits were determined by the use of scanning electron microscopy
and x-ray diffraction. Deposits were obtained from solutions contain-
ing the base electrolyte (65 g/1 Zn and 100 g/1 H,S0,) and various ad-
dition agents. The current density and temperature were maintained at
40 mA/cm® and 45°C, respectively. Distinct changes in crystallo-
graphic orientation and deposit morphology were observed for even low

levels of addition agent. The various types of morphologies obtained



Table VII.

Electrolyte Additions

No Addition

(20 - 100) ppb Arsenic
(2 - 80) ppm Glue

(7 - 65) ppb Antimony

(1 - 10) ppm Cobalt

(10 - 100) ppb Germanium
100 ppb Ge & 6 ppm Glue
100 ppb Ge & 10 ppm Glue
100 ppb Ge & 13 ppm Glue
100 ppb Ge & 18 ppm Glue
100 ppb Ge & 21 ppm Glue

Electrolytic Conditions:

0.22

1.89
1.23
1.89
0.21
0.06
0
0
0

Zinc Deposit Crystallographic Orientations.

Surface Orientation
(ratio to ASTM Standard)*

(10-1) (10-2) (10-3) (10-4)
0.91 0.89 1.43 0.94
1.0 1.76 1.32 1.17
1.0 0.68 0.83 0
0.23 0.32 1.14 1.67
0.72 0.96 1.66 1.70
0.21 0.45 0.84 1.51
0.58 3.57 2.28 1.33
0.32 3.57 1.12 0.33
1.0 0.79 0.28 0
1.0 2.04 0.48 0
1.0 1.64 0.12 0

65 g/£ In; 100 g/£ H,SO04; 45°C; 40 mA/cm?

*(00-2) 53; (10-1) 100; (10-2) 28; (10-3) 25; (10-4) 3; (11-2) 23; (11-4) 11.

(10-2) (10-4)
0.52 1.44
1.45 1.93
0.46 0

0.22 0.89
0.62 1.98
0.32 1.05
0.39 1.27
0.43 0.64
1.0 1.0

3.30 1.18
1.52 0.46

1)
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are illustrated in Figures 13-21. The characteristic orientations ap-
pear in Table VII.

Addition-free Electrolyte Figure 13 shows the typical morphology

of the zinc deposits obtained from addition-free electrolytes. The
morphology is quite similar to that obtained by other investigators
using purified electrolytes (19). The characteristic orientation of
these deposits were generally (10.3), (11.4), but other orientations
have some significance. The platelets are growing at various angles
to the substrate and the growth mode is generally mixed.

Arsenic-Containing Solutions For solutions containing up to 0.1

mg/1 arsenic, the morphology of the deposit was quite similar to that
obtained for the no-addition deposit. The crystallographic orienta-
tions and platelet size are also quite similar. Figure 14 shows a
typical deposit. It would appear that the arsenic had little influ-
ence under the conditions employed. The current efficiencies for the
low acid solutions containing arsenic were consistently quite high.
At higher acid levels, the interactions of arsenic were found to be
more severe and changes in the morphology may result.

Solutions Containing Glue Marked changes in platelet size, mor-

phology and crystallographic orientation were found for deposits
obtained from glue-containing electrolytes. Gum arabic gave similar
results. The crystallite size was markedly decreased and the plate-
lets became smaller as more glue was added to the solution. At high
glue levels, the zinc seemed to grow in colonies and the high glue
deposits were often quite brittle. The dominant feature for the glue
type of deposits is the appearance of zinc platelet edges, with the

basal planes lying perpendicular to the electrode surface.
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Figure 13. Deposit Obtained for a No-addition Electrolyte. T = 45°C,
Current Density = 40 mA/cm?. (1000x)

Figure 14, Deposit Obtained for Electrolyte Containing 0.1 mg/£ As.

T = 45°C; Current Density = 40 mA/cm®. (1000x)
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Qutward growth of the deposits seems to be predominant and the crys-
tallographic orientation obtained is highly preferred (10°1). At
very high levels of glue some (11-0) begins to appear. The results
are quite consistent with those obtained by other investigators
(17-19).

The addition of glue to the addition-free electrolyte also de-
creases the current efficiency. Investigators attribute this to the
inhibition of both zinc and hydrogen discharge by glue adsorption
with the former being inhibited to a higher degree (53,54). The ad-
sorption of glue also causes more nucleation and hinders crystalline
growth resulting in a finer-grained, more uniform deposit. The over-
voltage of zinc deposition from electrolytes containing organic addi-
tives has been found to be higher than that obtained from addition-
free electrolytes (17-19). Increased polarization favors increased
nucleation, which results in a finer crystallite size. Figure 15
shows the characteristic morphology for the organic additijon agents.

In general, uniform deposits were obtained for solutions con-
taining glue. This unformity may hinder the formation of local
corrosion cells when impurities are present in the electrolyte.

Solutions Containing Antimony, Germanium, or Cobalt The deposits

obtained from solutions containing these impurities showed marked
signs of corrosion at the higher impurity concentrations. Noticeable
pitting of the deposit occurred in all three cases. Dendrite and
nodular growth were also quite evident for solutions containing anti-
mony. Figures 16-18 show the types of morphology obtained for the
zinc deposits. The platelet size was generally larger than that

obtained for the deposit from the addition-free electrolyte and the
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Figure 15. Deposit Obtained for an Electrolyte Containing 21 mg/£ Glue.
T = 45°C; Current Density = 40 mA/cm?. (1000x)

Figure 16. Deposit Obtained for an Electrolyte Containing 0.026 mg/£
Sb. T = 45°C; Current Density = 40 mA/cm?. (1000x)
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basal planes of the platelets appear to lie parallel to the substrate
surface and exhibit lateral growth. The deposits obtained from the
antimony and germanium and to a lesser extent cobalt-bearing electro-
lytes exhibit highly preferred (00-2), (10-4), (10.3) orientations.
This is in general agreement with the results of other investigators
(19,55). The deposits are not very uniform and differences in crys-
tallite height are readily apparent. The platelets generally show
rounded edges and give indications of some corrosion. The increase in
crystallite size indicates a degree of depolarization. Other investi-
gators have found a correspondence between the degree of depolarization
and the crystallite size (17-19). The formation of hydrides or local
cell action may cause depolarization by providing an alternative path
for hydrogen discharge. Surface roughness increases the possibility of
local cell action and the morphological characteristics of the deposits
are quite consistent with this mechanism of impurity interaction.
Whether the local cell action is caused by hydride formation or by
hydrogen deposition on impurity sites needs further investigation.

Solutions Containing Germanium and Glue Combinations The deposits

obtained for solutions containing 0.1 mg/1 germanium and increasing
glue contents exhibited considerable variation in orientation and mor-
phology as the glue content in the electrolyte was increased. Figures
18-21 show this variation. As more glue is added to the solution, the
mode of platelet growth becomes outward. Initially, the basal planes
of the platelets are parallel to the substrate, but upon increasing the
glue content, significant angularity appears and at high glue concen-
trations the basal planes appear to be oriented perpendicularly to the

substrate. The crystallite size is somewhat reduced and the faceting
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Figure 17. Deposit Obtained for an Electrolyte Containing 5 mg/£ Co.
T = 45°C; Current Density = 40 mA/cm®. (1000x)

Figure 18. Deposit Obtained for an Electrolyte Containing 0.1 mg/£ Ge.
T = 45°C; Current Density = 40 mA/cm?. (1000x)
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is more distinct with increased glue concentration. This is an indi-
cation of less corrosion of the zinc deposit. At low glue addition,
(00-2), (10:4) preferred orientations predominate, but at high glue
levels the morphology and crystallographic orientations are very
similar to that obtained for the glue only solution ((10-1), (10.2),
(11-2)).

The combination 0.1 mg/1 Ge and 13 mg/1 glue was found to have
the best current efficiency. This balanced combination of glue and
germanium resulted in a deposit morphology quite like that obtained
for the no-addition solution. Increasing the glue content still fur-
ther caused some decrease in the current efficiency and a deposit
morphology and orientation approaching those obtained for solutions
containing glue alone. Examination of Figures 15 and 21 confirms
this trend.

A practical implication of these phenomena may be the determina-
tion of the optimum level of glue for solutions containing various
impurity contents by monitoring the deposit morphology and crystallo-
graphic orientations. More research is necessary to determine if
this is practical. The same trends were observed for antimony and
glue combinations. Other investigators have obtained similar
results (17-19). In general, the crystallographic orientations appear
to go through the sequence (00-2), (10-4), (10-3), (11-4), (11.2),
(10-2), (10:1), (11-0) upon increasing the glue content. Nearly the
same trend has been reported by other investigators for studies on
antimony-glue combinations (19), These investigators also conducted
polarization studies and found that significant depolarization was

associated with the (00-2) orientations and significant polarization
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Figure 19. Deposit Obtained for an Electrolyte Containing 0.1 mg/L Ge
and 6 mg/£ Glue. T

45°C; Current Density = 40 mA/cm?.
(1000x).

Figure 20. Deposit Obtained for an Electrolyte Containing 0.1 mg/£ Ge
and 13 mg/£ Glue. T = 45°C; Current Density = 40 ma/cm?.
(1000x)
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Deposit Obtained for an Electrolyte Containing

Figure 21.

45°C; Cur-

T =

0.1 mg/£ Ge and 21 mg/£ Glue.

(1000x)

= 40 mA/cm?.

rent Density
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for the (10-1) orientations. Thus, the orientation may also indicate
the degree of polarization of the cathode.

In summary, changes in morphology and crystallographic orienta-
tion were found for deposits from electrolytes containing various
additions. The concentration levels which cause these changes are
quite low and the differences between the various types of deposits
are often quite profound. Solutions containing significant quanti-
ties of antimony, germanium, and cobalt often lead to deposits which
exhibit noticeable surface roughness and this may enhance local cell
corrosion. The platelets of zinc are generally aligned parallel to
the substrate for deposits obtained from these solutions. For glue-
containing electrolytes, the deposits are uniform and outward growth
occurs. The uniformity of the deposit may aid in suppressing local
cell formation. Combinations of glue and germanium lead to a series
of deposit morphologies which depend on the amount of each additive.
Apparent optimum levels lead to deposit morphologies that correspond

quite closely to those obtained for a no-addition electrolyte.
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Conclusions

Factorially designed experiments are quite useful in determining
which factors are the most critical in affecting the current
efficiency and the synergistic interactions existing among the
various factors.

Acid level was found to be the most critical of the factors
tested. Cobalt level, followed by temperature, antimony,
germanium, and arsenic levels, were the next critical factors.
Significant detrimental synergism occurs for acid-cobalt combi-
nations and care must be exercised with these two factors.
Arsenic also appears to have a detrimental synergistic inter-
action with acid.

Cobalt and arsenic act synergistically and cause larger current
efficiency losses than expected.

The combination of glue and antimony appears to lessen the
deleterious effects of the other impurities. In the absence of
glue, antimony appears to have a detrimental synergistic inter-
action with cobalt.

There is a definite correlation between cathode morphology and
the additives in the electrolyte.

Proper combinations of glue and impurity appear to optimize the
current efficiency.

A model can be derived using the calculated factor effects which
allows some predictability for the system. A better model may

be obtained by going to a more sophisticated design.
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Figure 11. Current Efficiency vs Germanium Concentration for Prepared
Electrolytes Containing 65 g/£ Zn and 100 g/ £ H,SO, With
and Without 5 mg/2 Co. T = 45°C; Current Density =
40 mA/cm?.

Figure 12. Calculated Current Efficiency vs Experimental Current
Efficiency for Results of the Factorial Design.

Figure 13. Deposit Obtained for a No-addition Electrolyte. T = 45°C;
Current Density = 40 mA/cm2. (1000x)

Figure 14. Deposit Obtained for an Electrolyte Containing 0.1 mg/2 As.
T = 45°C; Current Density = 40 mA/cm?. (1000x)

Figure 15. Deposit Obtained for an Electrolyte Containing 21 mg/£
Glue. T = 45°C; Current Density = 40 mA/cm®. (1000x)

Figure 16. Deposit Obtained for an Electrolyte Containing 0.026 mg/¢
Sb. T = 45°C; Current Density = 40 mA/cm®. (1000x)

Figure 17. Deposit Obtained for an Electrolyte Containing 5 mg/£ Co.

T = 45°C; Current Density = 40 mA/cm?. (1000x)

Figure 18. Deposit Obtained for an Electrolyte Containing 0.1 mg/£ Ge.

T = 45°C; Current Density = 40 mA/cm?. (1000x)



59

List of Figures (Continued)

Figure 19, Deposit Obtained for an Electrolyte Containing 0.1 mg/£ Ge
and 6 mg/£ Glue. T = 45°C; Current Density = 40 mA/cm2.
(1000x)

Figure 20. Deposit Obtained for an Electrolyte Containing 0.1 mg/L Ge
and 13 mg/£ Glue. T = 45°C; Current Density = 40 mA/cm?.
(1000x)

Figure 21. Deposit Obtained for an Electrolyte Containing 0.1 mg/£ Ge
and 21 mg/& Glue. T = 45°C; Current Density = 40 mA/cm?.
(1000x)
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Evaluation of Zinc Sulfate Electrolytes Containing Certain Impurities

and Additives by Cyclic Voltammetry and Electron Microscopy

Donald R. Fosnacht and Thomas J. O0'Keefe

Abstract

The polarization characteristics of acid zinc sulfate electrolytes
containing various amounts of germanium, antimony, cobalt, and glue
were examined by cyclic voltammetry. The effects of zinc concentra-
tion, acid concentration, temperature, and surface preparation were
also investigated. Small concentrations of impurities cause measure-
able changes in polarization behavior. Levels as low as 0.02 mg/1 Ge
or Sb and 0.1 mg/1 Co can be detected using this technique. Polariza-
tion characteristics caused by the presence of impurities can be used
to optimize the amount of glue needed to counteract the effects of the
impurities. The actual mechanism of impurity interaction is more
clearly delineated using this technique. Germanium and cobalt appear
to form local galvanic cells, however, antimony does not. The results
of these short term tests have proven to be correlatable with classical
long term efficiency tests. The deposit morphologies obtained for
short-time cathodic cycles were also studied using scanning electron

microscopy.
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Introduction

The presence of impurities in the electrolyte is a major problem
for the zinc electrowinning industry. Decreases in zinc current
efficiency and changes in deposit morphology and cathodic polariza-
tion occur for electrolytes containing small concentrations of
impurities. Levels as low as parts per billion for antimony, german-
jum, and arsenic and parts per million for cobalt are reported to
greatly influence the cathodic deposition of zinc (1-19).

Impurity behavior is not well understood and many questions
remain regarding the acceptable 1imits of impurities for efficient
operation of a zinc electrolysis circuit. Characterization of the
electrolyte is very important and extensive analytical analyses are
conducted to determine the levels of impurities in the electrolyte.
Chemical analyses have always served as the primary means of evaluat-
ing the quality of the electrolyte. Unfortunately, not only the
absolute magnitude of the various impurities, but also the synergis-
tic interactions among them ultimately determine the electrolyzability
of the solution. Thus, a rapid electrochemical evaluation test to
complement existing analyses would be desirable. A promising deve-
Topment in this area is the application of cyclic voltammetry to
evaluate zinc-bearing electrolytes. Recent investigations have shown
that glue additions to antimony-containing zinc electrolytes can be
optimized using this technique (2,4,6). Low levels of antimony and
glue were found to cause measurable changes in cathodic polarization.
The application of this technique to electrolytes containing nickel

impurities indicated that nickel levels as low as 0.05 mg/1 could be
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detected (20). The mechanism of nickel interaction was also evaluated
using this technique.

In the present study, scanning electron microscopy and cyclic
voltammetry were used in an attempt to characterize the effects of
cobalt, germanium, antimony, and glue on cathodic polarization and
zinc deposition. The techniques were used to gain some insight into
the mechanism of impurity interaction at the cathode and to develop a
practical test procedure which could be applied to cathodic zinc

processes.
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Experimental

Solution Preparatijon

A stock solution of neutral (pH = 4.0 - 4.5) purified zinc sul-
fate solution was prepared by using high purity, French process zinc
oxide powder and reagent grade sulfuric acid. The zinc sulfate was
purified by adding 0.1 to 0.2 m1/1 of 0.1 N KMnO4; heating to near
the boiling point with vigorous stirring; settling of the precipitates
for 30 minutes at 80-85°C and then filtering. The filtrate was puri-
fied by adding 2 g/1 of zinc dust; heating to the boiling point with
stirring for 30 to 45 minutes and then filtering to remove excess
zinc dust. An analysis of the neutral purified solution appears in
Table I. Base electrolytes of varying zinc contents were prepared
using this solution.

A stock solution containing 13 mg/1 of antimony was prepared by
dissolving antimony potassium tartrate in distilled water. Cobalt
solution was prepared by dissolving cobaltous sulfate in distilled
water to a concentration of 800 mg/1. A stock solution of germanium
(10 mg/1) was prepared by dissolving the germanium in dilute sulfuric
acid after GeO, was fused with Na,CO; and K2CO3;. A1l the stock solu-
tions were analyzed by atomic absorption analysis. The solutions
were stored in plastic bottles and analyzed periodically.

A stock solution of (1 g/1) glue (Swift -- EZ TPC # 3) was pre-
pared by dissolving the organic in distilled water. The glue solu-
tion was stored under refrigeration to minimize degradation.

Test solutions were prepared by taking the required amount of

neutral purified solution, reagent grade sulfuric acid, impurity



Table I.

Analyses of Neutral Purified Solutions (mg/Z).

In
Mn
Cd
Sb
As
Sb
Ge
Co
Ni
Fe
Cu

Cl

+ As

Prepared
130,000
<0.1
1.3
0.01
<0.04

0.002
<0.1
<0.05

0.4

0.08

0.1

1.0
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solution, and glue and placing them in a 500 ml volumetric flask. The
volume was adjusted to 500 ml by adding distilled water.

Cyclic Voltammetry

The cyclic voltammetry experiments were conducted in a Pyrex "H"
cell employing an Al working electrode (1 cm? = area), a Pt counter
electrode, and a mercurous sulfate reference electrode. A constant
temperature water bath was used to maintain the desired temperature.

A Petrolite Potentiodyne Analyzer (Model M-4100) was used to generate

the cyclic voltammograms. The polarization behavior was recorded as a
log current density versus potential plot. Figure 1 is a schematic of
the experimental set-up.

The working electrodes were prepared by wet polishing on 600 grit
paper. The electrodes were washed in an ultrasonic cleaner after
polishing and then rinsed with distilled water and dried with hot air.
The electrodes were then placed in the "H" cell and allowed to come to
the test temperature. Tests were also conducted on electrodes which
were wheel polished using 0.05u y-alumina. The cleaning and drying
procedures were the same as described previously.

After reaching the test temperature, a voltammogram was obtained
by driving the potential from -0.600 V vs S.H.E. to a more cathodic
potential capable of producing a total current of 50 mA/cm?. At this
point the process was reversed and driven anodically to the original
starting potential. Various scan rates were tried, but 0.5 mV/sec
gave the most consistent results and was employed for the bulk of the
studies. The factors studied were additive concentration, tempera-
ture, acid concentration, surface preparation, and zinc concentration.

In addition to the transient studies, tests were performed using
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Schematic of Equipment Used for the Cyclic Voltam-

metry Experiments. [C = Working Electrode (Al);

R = Mercurous Sulfate Reference Electrode; A =

Auxiliary Electrode (Pt); V = Voltage Monitoring

Terminals; and I = Current Supply Terminals].
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constant potentials to determine the stability of the deposited zinc
under various conditions. The morphologies of the zinc deposits

were obtained using scanning electron microscopy.
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Results and Discussion

In order to gain a better understanding of the voltammograms and
other results that follow, reactions that are useful in describing
the processes occurring at the working electrode are listed in Table
II. These reactions will be discussed in light of the results through-
out this section.

Voltammograms for No-Addition Electrolytes

For an electroiyte containing 65 g/1 Zn and 200 g/1 H,;SO, and a
45°C temperature, a voltammogram of the type shown in Figure 2 is
obtained. From point A to point C (-0.782 V vs S.H.E.}, only hydrogen
evolution on the aluminum substrate occurs. At potentials more nega-
tive than point C (the zinc deposition potential), both hydrogen
evolution and zinc deposition occur on the aluminum substrate. At
point D, the scan direction is reversed and the potential is driven in
an anodic direction.

Zinc stability tests were conducted to determine where the zinc
becomes unstable. It was found that the zinc becomes unstable at a
potential (-0.781 V vs S.H.E.) roughly 20 mV more electronegative
than point E. When the potential was held at this value, the zinc
completely dissolved after 20 minutes. At potentials more electrone-
gative than this point, the current reaches a steady state value and
zinc can be detected on the electrode surface. At point E (-0.761 V
vs S.H.E.), the net current becomes anodic and stays anodic until
point F is reached. The elimination of the zinc from the electrode
causes the anodic current to drop and after point F the current again

becomes cathodic and only hydrogen discharge occurs. From E to F,



Table II. Possible Reactions Occurring at the Working Electrode

Cathodic Reactions

1. H'(aq) + e = ¥,(g)

2. M™(aq) + ne = M(s)*
3. In2%(aq) + 2e = In(s)
4, M"+(aq) + ne = M(s)*

5. In?*(aq) + 2e = ZIn(s)

6. H'(aq) + e = 3H,(q)

7. H+(aq) +e

%H2(g)

8. an+(aq) + yH+(aq) + (xn+y)e = MxHy

Anodic Reaction

9. 1In(s) = In®*(aq) + 2e

*where M = Co, Ge, Sb.

(Aluminum Substrate)

(Aluminum Substrate)

(Aluminum Substrate)

(Zinc Substrate)

(Zinc Substrate)

(Zinc Substrate)

(M(s) Substrate)

(Aluminum or Zinc Substrates)

(Aluminum or Zinc Substrates)

69



100

0.01

With 65 g/l Zn & 200 g/I HyS0,

F A E )

-0.6 -0.7 -0.8 -0.9

Figure 2.
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Voltammogram for No-Addition Electrolyte.

T = 45°C; Scan Rate = 0.5 mV/sec.
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the zinc dissolution current is higher than the hydrogen reduction cur-
rent and the net current is therefore anodic. Hysteresis of the curve
from D to E exists because zinc and hydrogen ions discharge on both
zinc and aluminum substrates. Zinc deposition on zinc requires less
activation overpotential, so the current is higher than that measured
on the front sweep when compared at the same potential.

A separate test was conducted to determine the reasons for the
decrease in hydrogen discharge from B to C. The results, shown in
Figure 3, indicate that the hydrogen current continually increases for
solutions containing only sulfuric acid. When 1 M MgSO, is added, some
polarization occurs. The general shape of the curves in both cases is,
however, quite similar. The decreased current is probably due to phys-
ical adsorption of the Mg++ ions in the double layer.

The addition of zinc ions to the acid solution causes consider-
ably greater polarization and a change in the shape of the curve as
well. Initially, the hydrogen current increases slightly when the
potential becomes more electronegative, but a current maximum is
reached. Up to this point the zinc ions may act similarly to the mag-
nesium ions, but beyond this point they dramatically suppress hydrogen
current. The large decrease in hydrogen current appears to be due to
the specific adsorption of zinc ions or other species formed on the
aluminum substrate (21-23). The film thus formed may alter the hydro-
gen discharge reaction. Zinc ion adsorption is reported to hinder the
discharge of cobalt, nickel, and iron in a similar fashion (22-23),
and appears to be one of the dominating factors in zinc electrowin-

ning.
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Figure 3. Hydrogen Current Density vs Electrode Potential

for Electrolytes Containing 200 g/£ H,S0, and
the Indicated Additions. T = 45°C; Scan Rate =
0.5 mV/sec.
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Voltammograms for Electrolytes Containing Germanijum or Cobalt Additions

The presence of low levels of Co and Ge impurities causes changes
in the zinc polarization curve as illustrated in Figures 4 and 5.
Levels as low as 0.08 mg/1 germanium and 1 mg/1 cobalt cause measure-
able changes in polarization for electrolytes containing 65 g/1 Zn and
200 g/1 H2S04.

At Tow levels of these impurities a small inflection appears in
the basic curve at point i. Upon increasing the impurity content this
changes to a flat plateau and finally to a hump or peak at point aj.
The sequence of changes which occur are shown in Figure 5. The value
of the current density at point ai (subsequently called the peak cur-
rent density) is found to be proportional to the amount of impurities
in the electrolyte. Figure 6 illustrates the trend of this peak cur-
rent density with increasing cobalt content at 45°C and 55°C.
Increasing the temperature causes the peak height to increase at a
given impurity concentration.

This peak appears only after some zinc has deposited. The peak
does not appear when the cathodic sweep direction is reversed prior
to reaching the zinc deposition potential. At this peak vigorous
hydrogen evolution occurs and the deposited zinc completely dissolves
from the electrode surface even though the net current is cathodic.
Stability tests conducted on electrolytes containing these impurities
indicate that the zinc becomes completely unstable after the potential
is made more electropositive than point i. At potential values more
etectronegative than point i, another phenomenon occurs for solutions
containing moderate levels of impurity. Instead of reaching a steady

state current at a given potential, cycles of deposition and
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dissolution occur. Zinc deposits initially; but, with time, vigorous
hydrogen evolution begins and very high current densities are obtained
(200 mA/cm?). The current peaks and then falls to relatively low
values (less than 10 mA/cm?). The electrodes were checked for zinc on
the SEM at this point, but neither zinc nor impurity metal were
detected. Zinc redeposition begins after a certain time interval, and
the sequence is repeated. The cycle time depends on the impurity con-
centration. Electrolysis studies done by other investigators confirm
similar cyclic behavior for solutions containing cobalt, nickel, and
germanium impurities (9,10).

The impurities do not seem to accumulate on the working electrode.
Continuous cycling yields relatively similar scans, which indicates
little impurity accumulation. The impurities may become unstable when
the zinc dissolves because of the Toss in cathodic protection afforded
by the presence of the deposited zinc or they may not adhere well to
the aluminum substrate and are physically flushed from the electrode
surface by the vigorous hydrogen evolution. If the impurities did
accumulate on the electrode surface, higher hydrogen currents would be
expected even after the zinc had completely dissolved because the
exchange currents for hydrogen discharge on cobalt and germanium are
significantly higher than that of aluminum or zinc and hydrogen dis-
charge on these metals should be easier.

The point at which the zinc becomes completely unstable (point i)
is found to occur at a potential value similar to that of the no-
addition electrolyte (approximately -0.783 V vs S.H.E.) and this
point appears to depend only on the zinc and acid concentrations and

not on the impurity concentration. Point i will be called the zinc



78

instability potential in subsequent discussions.

Germanium and cobalt cause significant changes in the back scan,
as demonstrated above, but do not affect the front scan. The zinc
deposition potential and the potential at point x (potential which
gives a current density of 10 mA/cm?) are nearly identical, as shown
by values given in Table III. This similarity is illustrated by
Figures 7-9. The deposits were obtained by scanning to point D and
holding the potential constant at this point for 1 minute. The cover-
age was evenly distributed for all these deposits and each crystallite
appears to be growing independently of its neighbors. There appears
to be little tendency for the particles to clump together. The crys-
tallite size is quite similar for the deposits obtained from no-
addition electrolytes and for those containing 0.1 mg/1 germanium.

The crystallite size is slightly smaller for the deposit obtained from
the electrolyte containing 8 mg/1 cobalt.

Since there is virtually no change in the front scan portion of
the voltammogram, the amount of impurity deposition prior to zinc
deposition appears to be insignificant or at least insufficient to
cause any notable increase in the cathodic hydrogen current. This is
most likely due to the inhibiting effect of specifically adsorbed zinc
ions which greatly reduce the rate of discharge of the impurity ions.
Other investigators have found that the presence of as little as 6 g/]
Zn in a 1 M CoSO,4 electrolyte can prevent virtually any cobalt deposi-
tion at potentials less than the zinc discharge potential (21-23,25,
26). The retarding effect of the zinc jon is less when the zinc ions
begin to deposit and significant amounts of impurity co-deposit with

the zinc (23).
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Table III. Comparison of Zinc Deposition Potential and Potential at

Point x for Electrolytes With and Without Impurity

Addition.
Zn Deposition Potential at
Potential Point x
V vs S.H.E. V vs S.H.E.
No Addition -0.782 -0.806
4-32 mg/1 Co -0.783 -0.809
0.1 mg/1 Ge -0.788 -0.811

Experimental Error * 7 mv.



Figure 7.

Zinc Deposit Obtained for Electrolyte
Containing 65 g/£ Zn and 200 g/£ H2S0,.
Potential Held at Point D for 1 Minute.
(3000x)
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Figure 8.

Zinc Deposit Obtained for Electrolyte
Containing 65 g/£ Zn, 200 g/£ H,SO4,
and 100 ppb Ge. Potential Held at
Point D for 1 Minute. (3000x)
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Figure 9.

Zinc Deposit Obtained for Electrolyte
Containing 65 g/£ Zn, 200 g/£ H,SO,,
and 8 mg/£ Co. Potential Held at
Point D for 1 Minute. (3000x)
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Factors Affecting the Co and Ge Voltammograms

It was found that increased temperature, surface roughness, acid
concentration and decreased zinc concentration increase the peak cur-
rent density.

Zinc Concentration The effect of varying zinc concentration is

shown in Figure 10. Increasing the zinc concentration suppressed the
effect of the impurity and also caused a shifting of the zinc deposi-
tion potential and zinc instability point to less electronegative
potentials. Concentrations of 0.1 mg/1 Co and 0.02 mg/1 Ge could be
detected by diluting the base electrolyte to 6.5 g/1 Zn with 200 g/1
sulfuric acid.

Acid Concentration The interaction of the impurities was signi-

ficantly enhanced by increasing the sulfuric acid concentration. The
cyclic voltammetry experiments indicate that significantly less
impurity can be tolerated at higher acid concentrations as might be
expected. This is illustrated by the results shown in Figure 11.
Increasing acid concentration also increases the initial hydrogen ion
reduction (see Figure 12). Increasing acid concentrations lead to
increased impurity effects and greater amounts of cathodically pro-
duced hydrogen. Both factors lead to a decrease in zinc current
efficiency.

Surface Roughness The effect of increased surface roughness is

illustrated by Figure 13. The 600 grit polished electrodes were more
sensitive to increasing impurity content than the wheel-polished
electrodes. Increasing surface roughness increases the detrimental
interaction of the impurities at the electrode. The increased sen-

sitivity of the rougher 600 grit polished electrodes was utilized by
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conducting most of the tests with these electrodes. The variability
was somewhat higher than that of the wheel-polished samples

(£3 mA/cm? to *1 mA/cm®), but the increased sensitivity compensated
for this increased variability.

Impurity Concentration and Temperature The linearity of the

peak current density with impurity concentration is illustrated by
Figures 14 and 15. Figure 14 shows the results obtained for german-
ium and Figure 15 for cobalt. The linear variation of peak current
density with impurity concentration indicates indirectly that the
rate of impurity deposition is diffusion controlled. Other investi-
gators using different techniques have also found this to be the
case for comparable impurity levels (11,24,27-29). Figure 15 also
illustrates the effect of temperature on the peak current density.

A temperature change from 35 to 55°C results in increased peak cur-
rent densities for the same level of impurity concentration. The
temperature increase causes an enhanced impurity effect at the elec-
trode and zinc stability is reduced. Higher temperatures increase
the sensitivity of the cylic voltammetry technique allowing lower
levels of impurity detectability. For cobalt, the detectable limit
is 0.4 mg/1 at 35°C and 0.1 mg/1 at 55°C for an electrolyte contain-
ing 6.5 g/1 Zn and 200 g/1 H,SO,.

Test Time The total test time of the voltammograms discussed
thus far is approximately 25 minutes. This test time can be greatly
reduced by using a fast scan speed for the front scan (5 mV/sec) and
a slow scan from point D on (0.5 mV/sec). The resulting voltammogram
is similar in shape to that obtained using the slow scan throughout.

The peak current densities again show the same type of relationship
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